A gyrokinetic model for the tokamak periphery
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The Tokamak Periphery = Edge + SOL

Q Core boundary conditions
0O Heat exhaust
Q Plasma fueling and ashes removal

a Impurity control

Edge




Properties of Periphery Turbulence

QO Low-frequency w < €2;

a Large Scale Fluctuations
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Properties of Periphery Turbulence

0 Low-frequency w < ();

a Large Scale Fluctuations Gyrokinetic Theory
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d Wide range of temperatures

and densities
T.~1—-102eV  n~ 10" —10%° m—3

== Arbitrary Collisionality
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First Heroic Steps On The Way To An Edge Model

- Qin et al. 2007' Hahm et al. 20092 Dimits et al. 20123
) (€?) (€?)
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Fluctuations
Large Scale
EM O ES O(e? ES O(¢?
Fluctuations (€) (€*) (€)
Poisson’s Eq. [() dv Long-Wavelength Limit j (...)d%
No No No

'Qin et al., Physics of Plasmas 14,056110 (2007)
2Hahm et al., Physics of Plasmas 16, 022305 (2009)
3Dimits, Physics of Plasmas 19, 022504 (2012)



Our Model

Retain

O Both large scale (full-F) and small scale fluctuations
O Second order
QO Full Coulomb collisions

O Numerical efficiency
How we proceed

Single Particle | Gyrokinetic | Moment

Dynamics Theory Hierarchy



Single Particle Dynamics - Ordering Assumptions

Magnetized Plasma N € kip; ﬂ ~ € Pie
S €); ki Ly
Fluctuation Scales and Amplitude Electromagnetic
e
kipim=e<1 VA4 ~ ¢
€
Arbitrary Collisionalities % <

(still magnetized)



Single Particle Dynamics — Hamiltonian Perturbation Theory

AN

2-Step Phase-Space
ﬁ

Reduction

Particle Lagrangian Lagrangian
L(X, V) F(R, (AIE ,u)

(cyclic coordinate 6, conserved u)



Single Particle Dynamics — First Step

Large Scales e ~ k) p; < 1, ;—¢ ~ 1

(&

Start from
2

. muv
L=gA -x-q¢p-—

Split between parallel and perpendicular velocity

Describe guiding center motion O(¢?)

mvﬁ

2

mo

L=gA* R—q¢" — ‘HL?




Single Particle Dynamics — Second Step

&
Small Scales € ~ %b <1, kip;~1

e

Start from

L:qA*-R—ng*—

mvﬁ mb
T
2 q

Introduce small scale fluctuations

Describe gyro center motion O(¢?)

muj - mf 0((¢ —vj41)?)

quA*'R—Q¢*—T+M7—Q<¢—UI|AII>_Q A



Single Particle Dynamics — Equations of Motion

R — fU||b + VEx BT Other Drifts

| |

Including large scale Y?(®) x B Curvature Drift
B2

Polarization Drift
and small scale Y (2(X)) X B fluctuations

B2 Non-Linear Drifts




Single Particle Dynamics — Equations of Motion

R = ’U||b + VEx BT Other Drifts

v = qb) + uV) B+ Non-Linear Forces

v

Including large scale V|¢(R)

and small scale V| (¢(x)) fluctuations



Single Particle Dynamics — Equations of Motion

R = ’U||b + VEx BT Other Drifts

v = qb) + uV) B+ Non-Linear Forces

ﬂlo

Conserved Adiabatic Invariant



From Single Particle to Particle Distribution

Gyrokinetic Equation o R-VF oF

Ot LT

(C(F))

Challenges
a 5-D + time
0  Full Coulomb Collisions

0 Coupling to Maxwell’s equations (integro-differential system)

These challenges can be successfully approached by
using a moment hierarchy




Our Goal —Turn Gyrokinetic Eq. Into a Hierarchy of Fluid-Like Egs.

Expand GK Equation into a Set of 3D

Moment Hierarchy Equations

dn _
pra g
dv

E—...
ar _
dt

©,

Retain necessary kinetic effects and no more
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Advantages of a Moment Hierarchy Model

Set of fluid-like equations with reasonable
computational cost

Tune the number of moments according to the
desired level of accuracy (function of collisionality)

Reduce to the fluid model at high collisionality




3 Steps To Build a Moment Hierarchy Model

|.  Choose an orthogonal polynomial basis for F

F=Fy ) NP (R)H,(v))L; (1)

2. Project kinetic equation onto basis
/(GK Eq.) HpLdeHd,u

3. Obtain evolution equation for the basis coefficients

ONPI
ot




From Gyrokinetic Equation to Moment Hierarchy

(GK Eq.) H,Ljdvdpu

l

Spatial evolution of
Moments + Fields

ONPI

ot |

Time Evolution

V- RV

Fluid Operator
(density, velocity,
temperature)

V2D . p—1j

(V)

_|_

Forces included at p>0

f’pj

Cvpj

Collisions



Example — I D Linear Gyrokinetic Moment Hierarchy

Phase Mixing
(coupling with other moments) Collisions
ONPI| [1oNPTL  GNP—1J |
5 | 5 92 -p 5, |- 20p,1 K (k1p)E)|+ C

Time Evolution Electric Field Drive



Example — I D Linear Gyrokinetic Moment Hierarchy

Phase Mixing
(coupling with other moments) Collisions
ONPI| [1oNPTL  GNP—1J |
ot | 1202 P o |

Time Evolution

1
Kernel Kj(x)= — (_

Analytical Closed formula for the Gyroaverage operation

Full finite Larmor radius effects




Projection of the Full Coulomb Collision Operator

ij:/< (F)>HL dUHd,u

0 0*
h _ — I
with C(F) = 2 [H(F)F] + - [G(F)F]
Q Bilinear /
0 Tensorial Nature H(F) ~ / Fv) dv’
v —v

d Gyroaveraging Operation

ad No parallel/perpendicular velocity symmetries

Not immediate...



Collision Operator - Spherical Harmonic Decomposition

Expand the Rosenbluth potentials

H(F) ~ / |5<_V2,| dv’

in a Taylor series

v —v

1 {Zz 09 (1), v <

Electrostatic potential of a charge

distribution F in velocity space

with spherical harmonics as coefficients

e (2) 1 S

m=—I[

Yim

Basis Tensors e

Spherical Harmonics

(gﬁ,élm

Gyroangle

Im
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Collision Operator — Expansion in Spherical Harmonics

ClF| ~ ClYim] ~ Yim
Gyroaveraging Procedure

Large Scales k1p; <1

(Yim (@, 0)) = Hp,(v))L;(12)

Small Scales ;—¢ <1

(&

(Vi (p,0)e""") mmep f (1) K (k1 p) Hp(v)) Lj(12)

22



Moments of the Collisional Operator

ij :/<C(F)> HpLjded,u

After integration

C*™ = Kernel x f(n) X moments N?/ of F
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Physics That We Are Able To Capture — High Collisionality

F=Fy(1+6F) with 6F=Y NVMH,L;

p,J

Drift-Reduced Braginskii
Semi-collisional closure

>\mfp — 20
L N~ g = =x V4

equations retrieved

OF ~

Jorge et al., |PP 83, 6 (2018)
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Towards a Numerical Implementation

Numerical and theoretical investigation of linear modes

GK non-linear model reduced ONPI _ Z Dpi st
to the drift-kinetic linear limit ot , st
87

d  Compute collisional/hierarchy coefficients Dgg
(] Solve time evolution problem
J Perform eigenvalue analysis

J  Compare with collisionless result
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Electron Plasma Waves —Damping at Arbitrary Collisionality

[N

> One spatial and two velocity dimensions

> Electron perturbations only

> Time-evolution of N00 ~ ¢
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o Collisional and Landau Damping
computed for the first time with the

full Coulomb collision operator
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Electron Plasma VWaves — Entropy Mode

PR T S SN A A S SO SO S I SO R

YeN =-2.02¢-01

kinetic w = 1.24e+01
fit w = 6.90e+00

kinetic y = -1.65e+00
fit v = -9.16e-01

Zero-frequency
entropy mode

T LN B I B S B S B —

o Electron-ion collisions known to yield
long-time zero-frequency behaviour

o Full Coulomb collisions reduce the
entropy mode damping rate

Jorge et al., to be submitted to JPP
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First Study on Coulomb Collision Effects on the Drift-Vave Instability

> Two spatial and two velocity dimensions in slab geometry

> Electron and ion perturbations

> Finite background density gradient

Eigenmode Spectra
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o Important deviations between full
Coulomb collision operator and
presently used collision operators

Jorge et al, PRL 121, 165001 (2018)

Instability Growth Rate

] 1 JlH‘ Il 1 IJlJHl

Collisionless
——Coulomb (2,
——Coulomb (3
——Coulomb (5,
——Coulomb (8,

(8,

)

1)
2)
2)
2)
4)

——Coulomb (15,2)
Lenard-Bernstein
Dougherty

28



Summary

This Work Qin et al. Hahm et al. Dimits et al. Madsen et al. Mandell et
pLiliyA 20092 20123 20134 al. 20185

Large Scales = NOI() EM O(e ES O(e?) ES O(€?) ES O(e ES O(e
EM O(e?) EM O(e?) EM O(e?) EM O(e?) EM O(e) ES O(e)
Yes No No No No Simplified

Poisson’s Morments J (...) d% Long-Wavelength j () d% Long-VVavelength Moments
Limit Limit, Padée

Exact Exact Exact Exact O(e) B
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